Aims/Introduction: Activation of the renin-angiotensin system (RAS) in the kidney plays an important role in renal function. The aim of this study was to investigate whether plasma and urinary angiotensinogen levels were associated with renal and cardiovascular prognosis in type 2 diabetic patients. Materials and Methods: We measured plasma and urinary angiotensinogen levels in the observational follow-up cohort of 234 Japanese type 2 diabetic patients (144 with normoalbuminuria, 90 with albuminuria) enrolled between 1998 and 1999 and followed them up until the end of 2008. The associations of these markers with the annual decline in the estimated glomerular filtration rate (eGFR) and incidence of renal and cardiovascular composite endpoints (chronic hemodialysis, myocardial infarction, angina pectoris, stroke and cerebral hemorrhage) were evaluated. Results: At baseline, urinary angiotensinogen levels correlated with urinary albumin-creatinine ratio, urinary b 2 -microglobulin and inversely with eGFR. In contrast, plasma angiotensinogen levels correlated neither with these renal factors nor with urinary angiotensinogen levels. In the follow-up study (median duration: 9 years), urinary angiotensinogen, but not plasma angiotensinogen, correlated inversely with the annual change in eGFR (r = )0.51, P < 0.001). When patients were divided into four subgroups according to albuminuria and urinary angiotensinogen levels, patients with albuminuria and high urinary angiotensinogen levels showed a progressive decline of eGFR and a higher incidence of renal and cardiovascular composite endpoints. Conclusions: These results suggest that the higher level of urinary angiotensinogen in type 2 diabetic patients with albuminuria is a high risk factor for worsening renal and cardiovascular complications. (J Diabetes Invest,
INTRODUCTION
Diabetic nephropathy is a representative disorder of chronic kidney disease (CKD) and a leading cause of end-stage kidney disease (ESKD). This disorder is also associated with high morbidity and mortality of cardiovascular disease (CVD) [1] [2] [3] . Thus, prevention of development and progression of this disorder is of clinical importance to improve prognosis in diabetic patients.
Numerous clinical trials have documented that inhibition of the renin-angiotensin system (RAS) in diabetic patients can slow the progressive decrease in glomerular filtration rate (GFR) and reduce cardiovascular mortality and morbidity [4] [5] [6] . Based on clinical evidence, inhibition of the RAS is currently the first line treatment for diabetic nephropathy 7 . These results also support the concept that activation of RAS in diabetic patients is an important pathogenic mechanism of renal and cardiovascular complications 7 . However, despite the beneficial effects of RAS inhibition, all patients do not always show an improvement in the prognosis of these complications. Therefore, it is important to identify patients at higher risk of poor prognosis and a proper estimation of the status of intrarenal RAS activation may provide crucial information.
The kidney contains all components of the RAS pathway including the production of angiotensinogen 8 . Thus, the kidney can locally produce angiotensin II (AngII) by a mechanism independent of circulating AngII, known as the classical RAS pathway 8 . Intrarenally-produced AngII is reported to play an important role in renal hemodynamics and function as a paracrine factor 9 .
We recently developed a direct method to quantify human plasma and urinary angiotensinogen levels using enzyme-linked immunosorbent assays (ELISA) 10 . Using this new method, we recently reported that urinary angiotensinogen may be a potential biomarker of the severity of CKD and intrarenal RAS status in hypertensive patients in the cross-sectional studies 11, 12 . However, it is still unclear whether urinary and plasma angiotensinogen levels can be used to predict deterioration of renal function and the incidence of cardiovascular disease in a long longitudinal cohort. In the present study, we measured plasma and urinary angiotensinogen levels using our new ELISA method, in Japanese patients with type 2 diabetes who were enrolled in our observational follow-up study 2 . We then investigated whether these markers associate with renal and cardiovascular prognosis.
MATERIALS AND METHODS

Study Population and Samples
Japanese patients with type 2 diabetes mellitus were recruited from among participants who were registered in the Shiga Prospective Observational Follow-up Study between 1998 and 1999 2 . After obtaining written informed consent, each individual provided a spot urine sample and a fasting blood sample at baseline. The plasma and urine samples were kept at )80°C if not analyzed immediately. Based on the level of urinary albumin-creatinine ratio (UACR) at baseline, patients were classified as having normoalbuminuria (UACR < 30 mg/g Cr), microalbuminuria (30 £ UACR < 300 mg/g Cr), or overt proteinuria (UACR ‡ 300 mg/g Cr). Finally, 234 patients with normoalbuminuria (n = 144), microalbuminuria (n = 53) and overt proteinuria (n = 37) were enrolled and were followed up until the end of 2008 or the incidence of the renal and cardiovascular composite endpoints. In this study, patients with microalbuminuria and overt proteinuria were combined together into those with albuminuria (diabetic nephropathy). The participants underwent standardized clinical examination and biochemical tests annually, during the follow-up period. In this study, the values of HbA1c were presented in National Glycohemoglobin Standardization Program values according to the recommendations of the Japanese Diabetes Society 13 . The study protocol and informed consent procedure were approved by the Ethics Committee of Shiga University of Medical Science.
Measurement of Plasma and Urinary Angiotensinogen Levels
The concentrations of angiotensinogen in plasma and urine samples at baseline were measured with human angiotensinogen ELISA, as reported previously 10 . The sensitivity of this assay is >0.31 ng/mL. The intra-and inter-assay coefficients of variation were 4.4 and 4.3%, respectively. The urinary concentrations of creatinine were measured simultaneously by the enzymatic method. The urinary level of angiotensinogen was expressed in lg/g Cr.
Follow-up Evaluation
To evaluate deterioration of renal function, we assessed the annual decline in estimated GFR (eGFR). eGFR was calculated using the simplified prediction equation proposed by the Japanese Society of Nephrology )0.287 · [serum creatinine (mg/dL)] )1.094 · 0.739 (for female). The serum concentration of creatinine was measured using the enzymatic method. The annual decline in eGFR over the course of the study was determined from the slope of the plot of all measurements of eGFR for each individual calculated by linear regression analysis and was expressed in mL/min/1.73 m 2 /year. We also investigated the incidence of the renal and cardiovascular composite endpoints, including myocardial infarction, angina pectoris, stroke and cerebral hemorrhage and initiation of chronic hemodialysis. Myocardial infarction was defined as a clinical presentation characterized by typical symptoms, electrocardiographic changes associated with an elevation of cardiac biomarkers and angiographic evidence of coronary thrombosis. Angina pectoris was defined as a history of typical chest pain and electrocardiographic changes compatible with ischemic heart disease or the detection of myocardial perfusion defects with exercise stress tests. Stroke and cerebral hemorrhage were defined as a persistent focal neurological symptom in which onset was sudden and was not due to trauma or a tumor and where the responsible lesion was detected by imaging studies.
Statistical Analysis
Data are expressed as mean ± SD or median (interquartile range). As compared between two groups, unpaired Student's t-test for continuous variables and chi-square test for categorical variables were applied. A comparison among three or more groups was performed by ANOVA with the Tukey-Kramer HSD test. Due to the skewed distribution, urinary angiotensinogen, UACR and urinary b 2 -microglobrin (U-b 2 MG) values were logtransformed before analysis. Pearson regression analysis was applied for analysis of the correlation between two variables, using logarithmic transformed values of non-normally distributed variables. A multivariate liner regression model was applied to evaluate the independency of factors that showed significant correlation in the univariate model. The cumulative incidences of renal and cardiovascular composite endpoints were estimated using Kaplan-Meier procedure and were compared by the log-rank test. The follow-up time was censored if any composite endpoint was observed or if the patient was unavailable for follow-up. Risk for renal and cardiovascular composite endpoint was evaluated by a Cox hazard regression model. A forward stepwise procedure was used to select explanatory variables with statistically significant effects on the time to the incidence of the endpoint. All analyses were performed by the SPSS software package (version 11; SPSS Inc., Chicago, IL, USA) and JMP for Windows (version 8.0.2; SAS Institute Inc, Cary, NC, USA). A two-sided P value <0.05 was considered statistically significant. Table 1 Correlation Between Plasma Angiotensinogen Level and Various Parameters at Baseline Plasma angiotensinogen levels were not different between two groups (normoalbuminuria: 24.7 ± 5.3, albuminuria: 24.1 ± 5.4 lg/mL). Univariate regression analysis showed weak correlations between plasma angiotensinogen levels and BMI, waist-hip ratio, SBP, total cholesterol, HDL-cholesterol and triglyceride, and no correlation with UACR, eGFR and U-b 2 MG (Table 2) . Plasma angiotensinogen levels were not different between patients treated with RAS inhibitors and those without them (24.4 ± 5.3 vs 24.6 ± 5.6 lg/mL, P = 0.97). Interestingly, plasma angiotensinogen levels were significantly higher in females than males (26.7 ± 5.3 vs 22.6 ± 4.6 lg/mL, P < 0.001). However, plasma angiotensinogen levels did not correlate with UACR, eGFR and U-b 2 MG even when patients were analyzed separately according to gender.
RESULTS
Baseline Clinical Characteristics
Correlation Between Urinary Angiotensinogen Level and Various Parameters at Baseline
In contrast to plasma angiotensinogen, urinary angiotensinogen levels were higher in patients with albuminuria (62.0 lg/g Cr [interquartile range: 25.4-146.5]) than in those with normoalbuminuria (17.5 lg/g Cr [11.4-28.2], P < 0.001). Univariate regression analysis showed that urinary angiotensinogen levels correlated positively with UACR and U-b 2 MG and inversely with eGFR (Table 2) . Interestingly, there was no correlation between urinary angiotensinogen and plasma angiotensinogen (r = 0.08, P = 0.21). Urinary angiotensinogen levels were higher in patients treated with RAS inhibitors (38 lg/g Cr ) than those without (22 lg/g Cr , P = 0.001). However, this difference was probably due to the different prescription rate of RAS inhibitors in the two groups (normoalbuminuria: 16%, albuminuria: 32%). When urinary angiotensinogen levels were compared according to the stage of nephropathy, those in each stage were not different between patients treated with RAS inhibitors and those without. Unlike plasma angiotensinogen, the urinary angiotensinogen level in males was similar to that in females. Multiple regression analysis identified UACR and U-b 2 MG as the independent and significant factors that correlated with urinary angiotensinogen levels.
Correlation Between Angiotensinogen Level and Annual Decline in eGFR
To explore the predictive role of plasma and urinary angiotensinogen levels for renal dysfunction, we investigated the correlation between each angiotensinogen and the annual change in eGFR during the follow-up period (median: 9 years, interquartile range: 6-10 years). As shown in Figure 1 , urinary angiotensinogen, but not plasma angiotensinogen (r = 0.00, P = 0.99), correlated inversely with the annual change in eGFR (r = )0.51, Data are mean ± SD for normally distributed continuous variables or median (25th-75th interquartiles) for skewed continuous variables. Albuminuria represents microalbuminuria and overt proteinuria. RAS, renin-angiotensin system; ACR, albumin-creatinine ratio; Cr, creatinine; GFR, glomerular filtration rate; CVD, cardiovascular disease. P < 0.001). As other factors, the annual decline in eGFR correlated strongly with UACR (r = )0.65, P < 0.001) and correlated weakly with triglyceride (r = )0.28, P < 0.001), HDL-cholesterol (r = 0.15, P = 0.027), HbA1c (r = )0.22, P = 0.001), eGFR at baseline (r = 0.32, P < 0.001), BMI (r = )0.24, P < 0.001), SBP (r = )0.24, P < 0.001) and DBP (r = )0.23, P < 0.001).
Urinary Angiotensinogen and Renal Dysfunction in Patients with Albuminuria
Albuminuria is well known to be a risk factor for renal dysfunction and cardiovascular disease in patients with type 2 diabetes. Based on the strong correlation between urinary angiotensinogen and UACR, it was difficult to determine the specific role of each parameter in renal dysfunction. Therefore, to explore the clinical utility of measuring urinary angiotensiongen, we investigated the predictive effect of the combination of urinary angiotensinogen and albuminuria on deterioration of renal function. For this purpose, patients were divided into four groups according to the median value of urinary angiotensinogen levels (median cut-off values: 24.7 lg/g Cr) and the presence of albuminuria (>30 mg/g Cr). The eGFR at baseline (mL/min/ 1.73 m 2 ) was 80 ± 15 in those with low levels of urinary angiotensinogen and normoalbuminuria (L + N, n = 97), 84 ± 14 in those with high levels of urinary angiotensinogen and normoalbuminuria (H + N, n = 47), 82 ± 19 in those with low levels of urinary angiotensinogen and albuminuria (L + A, n = 21) and 66 ± 27 in patients with high levels of urinary angiotensinogen and albuminuria (H + A, n = 69). Among the four subgroups, the annual decline in eGFR during the follow-up was significantly greater in the H + A subgroup than other subgroups (P < 0.05 vs all other subgroup, Figure 2 ).
Urinary Angiotensinogen and Renal-Cardiovascular Outcomes in Patients with Albuminuria
Finally, we evaluated the association between urinary angiotensinogen at baseline and the incidence of renal and cardiovascular composite endpoints. A total of 58 patients experienced any of the composite endpoints (17 for chronic hemodialysis, 10 for myocardial infarction, 18 for angina pectoris, eight for stroke and five for cerebral hemorrhage). The incidence rate of this endpoint was higher in patients with high levels of urinary angiotensinogen than those with low levels of urinary angiotensinogen (36% vs 14%, v 2 = 15.5, P < 0.001). Similarly, the incidence rate of this endpoint was higher in patients with albuminuria than those with normoalbuminuria (47% vs 11%, v 2 = 37.6, P < 0.001). As shown in Figure 3 , the cumulative incidence among the four subgroups was the highest in the H + A subgroup (log rank test: P < 0.001 for trend). 
DISCUSSION
In this study, analysis of baseline data showed that urinary angiotensinogen levels correlated with UACR and U-b 2 MG and inversely with eGFR. In contrast, plasma angiotensinogen levels did not correlate with these factors or with urinary angiotensinogen levels. Furthermore, follow-up analysis indicated that patients with albuminuria and high levels of urinary angiotensinogen showed the progressive decline of renal function and the high incidence of renal-cardiovascular endpoints. These results suggest that the higher level of urinary angiotensinogen in type 2 diabetic patients with nephropathy is a high risk factor for worsening renal and cardiovascular complications.
In the present study, urinary angiotensinogen levels correlated closely with renal factors but did not correlate with plasma angiotensinogen levels. In contrast, plasma angiotensinogen levels correlated with various metabolic factors including BMI, waist-hip ratio and serum lipids, in agreement with the data of a previous report 15 , but they did not correlate with renal factors. These results suggest that urinary and plasma angiotensinogen are produced by different sources and play different roles in renal function. Although angiotensinogen is produced and secreted by the liver, it is also produced in the kidney 9 . Previous studies have investigated whether circulating angiotensinogen is a source of urinary angiotensinogen. In hypertensive and normotensive rats infused human angiotensinogen, the circulating human angiotensinogen was not detectable in the urine, indicating limited glomerular permeability and/or tubular degradation of circulating angiotensinogen 16 . In the kidney under normal conditions, the expression of angiotensinogen is reported to localize in proximal tubular cells and angiotensinogen produced in proximal tubular cells is considered to be directly released into the renal tubular lumen 9 . Under diabetic conditions, the expression of angiotensinogen is reported to be enhanced in proximal tubular cells and to be also observed in mesangial cells 17, 18 . Some human studies reported higher levels of urinary angiotensinogen in diabetic patients than in control subjects and patients with non-diabetic kidney diseases 11, 19 , whereas plasma angiotensinogen levels were similar in diabetic patients and control subjects 19 . Because the kidney contains all components of the RAS pathway, the enhanced expression of intrarenal angiotensinogen may lead to the intrarenal RAS activation. Thus, these results suggest that urinary angiotensinogen is produced locally in the kidney, but not from plasma, and its levels may associate with intrarenal RAS activation in diabetic patients.
In the present study, patients with high levels of urinary angiotensinogen, not plasma angiotensinogen, showed a greater decline in eGFR during the follow-up. A similar observation in patients with CKD documented the presence of higher urinary angiotensinogen levels in patients with low eGFR and patients with higher levels of urinary angiotensinogen showed increased risk of renal dysfunction during a mean follow-up period of 23 months 20 . Thus, urinary angiotensinogen is considered to be associated with the deterioration of renal function in patients with CKD including diabetic nephropathy.
Albuminuria is well known to be not only a predictor of progression to ESKD but also a risk factor for cardiovascular disease 1, 2 . In this study, urinary angiotensinogen levels correlated closely with UACR as well as previous reports 12, 21 . However, patients with albuminuria and higher levels of urinary angiotensinogen showed a progressive decline in eGFR and the high incidence of renal-cardiovascular endpoints than those with albuminuria and low levels of angiotensinogen. Thus, the increase of urinary angiotensinogen in patients with albuminuria may predict the patients at risk for worsening renal and cardiovascular complications.
What is the mechanism by which urinary angiotensinogen levels associate with worsening renal and cardiovascular complications? In this study, urinary angiotensinogen levels correlated with UACR and U-b 2 MG. Transgenic mice overexpressing angiotensinogen in renal proximal tubular cells were reported to develop albuminuria, hypertension and renal injury 22 . The induction of diabetes with streptozotocin in these transgenic mice enhanced the aforementioned abnormal changes and induced apoptosis of renal proximal tubular cells 23 . Although diabetic nephropathy was traditionally considered to cause glomerular Patients with low levels of urinary angiotensinogen and normoalbuminuria (L + N, n = 97); patients with high levels of urinary angiotensinogen and normoalbuminuria (H + N, n = 47); patients with low levels of urinary angiotensinogen and albuminuria (L + A, n = 21) and patients with high levels of urinary angiotensinogen and albuminuria (H + A, n = 69). Difference among the groups was tested by log rank test.
damage primarily, it is now widely accepted that deterioration of renal function in diabetic patients correlates with the degree of tubulointerstitial fibrosis 24, 25 . Thus, the enhanced expression of angiotensinogen in proximal tubular cells under diabetic conditions, which may correlate with urinary angiotensiongen levels, may cause the tubulointerstitial injury and, then, result in the decline in eGFR. Also the augmentation of urinary angiotensinogen is considered to lead to increased formation of AngII in the kidney 9 . Thus, the increase of urinary angiotensinogen may contribute to the development and progression of hypertension, which may associate with renal dysfunction and the incidence of cardiovascular disease. In the present study, urinary angiotenisinogen levels correlated with systolic and diastolic blood pressure as well as a previous report 12 .
In this study, the data of clinical parameters including angiotensinogen were collected only at baseline. Thus, the timedependent changes in these parameters during the follow-up were not evaluated. Also, the information regarding the use of RAS inhibitors during the follow-up period was not included in this study. Previous studies reported that RAS inhibitors were associated with reduction in urinary angiotensinogen levels 12, 26 . In the present study, the levels of urinary angiotensinogen in patients treated with RAS inhibitors were not different from those without such treatment when data was analyzed separately according to the stage of nephropathy. In Japan, the prescription rate of RAS inhibitors in the past was much lower than that at present. Also, RAS inhibitors tended to be prescribed for patients who showed progression to the advanced stage of nephropathy or those at risk for cardiovascular disease. Thus, the present study does not provide conclusive data on the influence of RAS inhibitors on urinary angiotensinogen levels. Further studies are required to explore whether the reduction of urinary angiotensinogen level by any medication bring about improving renal and cardiovascular prognoses.
In conclusion, the present study demonstrated that urinary angiotensinogen levels correlated with progressive deterioration of renal function and the high incidence of renal-cardiovascular endpoints in patients with type 2 diabetes mellitus. These results suggest that higher levels of urinary angiotensinogen in patients with diabetic nephropathy are clinically useful to identify patients who are at high risk for worsening renal and cardiovascular complications. Also, the reduction of urinary angiotensinogen levels may be a new therapeutic index to prevent the worsening of renal and cardiovascular complications in diabetic patients with nephropathy.
